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Abstract: Silica aerogel possesses a significantly lower thermal conductivity compared to still air at 

room temperature, thanks to its high porosity and advanced thermal and physical properties. It is 

extensively investigated for its potential use as an insulation material, usually being incorporated 

into other matrix materials, such as cement plasters, to enhance the overall thermal performance 

with minimal weight load. The development of lightweight thermal insulation materials is a key 

step in reducing energy consumption in hot and cold environments during construction and in ther-

mal equipment. The superior insulation capabilities of aerogels stem from their nanostructured SiO2 

framework, which induces nanoscale rarefaction effects on the enclosed air near the SiO2 structure. 

This study reconstructed the nanostructured SiO2 network of modern aerogels using microscopy 

imaging and the literature data and integrated it into sophisticated heat transfer simulations at a 

microscopic level to predict its thermal performance. The simulation assumed conduction as the 

primary energy dissipation mechanism, incorporating local rarefaction effects based on kinetic the-

ory approaches. SiO2 aggregates were modeled as interconnected strings of spherical beads, with 

variations in the aggregate size explored in a parametric study. Nanoscale rarefaction phenomena, 

such as slip wall and Knudsen diffusion, prevalent at these grain sizes and structures, were incor-

porated to refine the modeling approach. The degree of the aerogel content relative to the effective 

properties of the multiphasic material was then investigated systematically along the multilayered 

mortar thickness and on a representative multiphasic layer at the mesoscopic level. The results 

quantify the significant decrease in the thermal conductivity of the heterogeneous material as the 

porosity of the aerogel increased. The insulation performance of this aerogel incorporated into ce-

ment plasters was assessed with this hierarchical approach and validated against experimental data, 

providing insights for the optimization of the fabrication process and potential applications in con-

struction. 

Keywords: silica aerogels; thermal insulation; heat-transfer modeling; microstructure  

reconstruction 

 

1. Introduction 

Silica aerogel, a contemporary lightweight material, boasts exceptional thermal insu-

lation properties [1]. It is typically produced through sol–gel chemical processing and su-

percritical drying technologies. Initially, silicon dioxide is converted into a gel with the 

aid of water, followed by a drying process, where it is heated in a reactor at elevated tem-

peratures of about 250 °C, exerting a pressure much greater than the atmospheric one. 
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Thus, air replaces the liquid components, and a cellular structure is formed, with a sup-

porting SiO2 framework structure with nanoscale dimensions, depending on the fabrica-

tion process. The combination of the nanophasic SiO2 framework surrounded by air pro-

vides a thermal conductivity significantly lower than that of stagnant air at room temper-

ature, while its porosity can reach up to 99%. The enhanced thermal insulation perfor-

mance is attributed to the nanostructured network of SiO2 particles, which facilitates na-

noscale rarefaction phenomena as the primary heat transfer mechanisms for the enclosed 

air near the SiO2 framework [1,2]. Consequently, there is considerable interest in its utili-

zation as an insulator in construction technologies, due to these advanced thermal and 

physical attributes [3–5]. 

There are other types of aerogels with similar properties already available on the 

market, such as resin or cellulose aerogels [6,7], graphene aerogels [8], and carbon aerogels 

[9]. Cellulose aerogel is produced through the detachment of cell fibers using compressing 

paper and mixing it with water. A polymer resin is added, and a solution is made using a 

sonication process. Finally, the solution is placed in molds to dry and baked until it 

reaches about 120 °C [10]. Graphene and carbon aerogels are produced in a similar fash-

ion. However, silica aerogel is considered more efficient for thermal insulation processes 

[5,11], and this aerogel structure is studied here. 

In this study, the nanostructured SiO2 network of modern aerogels was recon-

structed, using microscopy imaging and data from the literature, and incorporated into 

sophisticated heat transfer simulations to predict their thermal behavior. The thermal con-

ductivity of the novel material was determined using the heat flow method, and a theo-

retical model was developed to comprehend its behavior and predict its thermal proper-

ties [12]. The authors developed a simulator capable of predicting the thermal behavior, 

specifically the equivalent coefficient of thermal conductivity, of a commercially available 

aerogel product. This simulator considered the structure and composition of the produced 

aerogel, which was based on the relevant characterization data obtained by colleagues. 

The simulation assumed conduction heat transfer as the predominant energy dissi-

pation mechanism, incorporating local rarefaction phenomena from kinetic theory ap-

proaches while neglecting radiative heat transfer, although this could be included if nec-

essary. Mesoscopic SiO2 aggregates were modeled as intertwined strings of spherical 

beads with or without overlapping monomers, with the agglomerate size being investi-

gated in a parametric study. Nanoscale rarefaction phenomena, such as slip wall and 

Knudsen diffusion, were implemented in the modeling because of their effects at these 

grain sizes and structures, breaking down the conventional continuum approach to con-

vection. 

The insulation performance of this aerogel structure incorporated into cement plas-

ters was investigated and validated through comparison with experimental data, and rec-

ommendations are provided for tailoring the fabrication processes and potential usage in 

construction and thermal equipment. 

The SiO2 nanoparticles, or mesoscopic particles, are arranged in ordered rows of clus-

ters or aggregates, as depicted in Figure 1 [1,13,14]. These mesoscopic aggregates are rep-

resented in simulations as spherical beads (depicted in green). The sizes of these aggre-

gates, as indicated by the green particles, range from approximately 0.1 to 1 μm. The char-

acterization and analysis of these beads focuses on the number of monomers arranged in 

a row, with a coordination number of up to two between intersections, where the coordi-

nation number exceeds two. The level of overlap between successive monomers was sys-

tematically examined to understand its impact on the effective heat transfer coefficient 

(keff). 
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Figure 1. Microstructure of silica aerogel. (Left) Mesopores observed in the interstitial space of a 

framework composed of porous secondary particles. (Middle) Micropores found among a network 

of primary particles within each secondary particle. (Right) Nanoporous primary SiO2 particles. 

2. Materials and Methods 

2.1. Microscale Reconstruction and Simulation of Silica Aerogel with CFD Methods 

During modeling, conduction heat transfer is assumed as the primary mechanism for 

energy propagation. While convection is currently considered negligible, it can be incor-

porated into the modeling if that is required by the conditions [15–17]. The aggregates are 

represented as spheres made of SiO2, with air serving as the bulk fluid [12,18,19]. The 

thermal conductivity ratio between the spheres and air is approximately 53 (at an average 

temperature of 25 °C). The diameter of the monomers is denoted as R0, which is 10 nm. A 

temperature difference, denoted as ΔΤ, of 1 °C is applied along the main direction (x), 

while periodicity or symmetry conditions are prescribed along the transverse directions 

(y,z). 

2.1.1. Description of Microscale Conditions of Silica Aerogel 

The commercially available silica aerogel for plasters (type Cabot) exhibits a heat 

transfer coefficient of approximately kCabot ~19 mW/m K [20,21]. In comparison, the heat 

transfer coefficient of air is approximately kair ~25 mW/m K, which is greater than kCabot. 

Consequently, the thermal conductivity of SiO2, kSiO2, is estimated ca. 50 mW/m K, with kair 

being significantly greater than kCabot. This disparity is attributed to the high dilution ef-

fects at the nanoscale observed in the grain sizes of the aerogels [22]. 

Microscale simulations must consider these nanoscale effects, including rarefaction, 

thinning, and wall slip (Knudsen layers), which are mechanisms of gas theory that do not 

entirely conform to continuum equations [22,23]. The impact of rarefied conditions on the 

local heat transfer coefficient of a gas near a wall surface is quantified through parameters 

such as the local Knudsen number (Kn), the Prandtl number (Pr), the thermal accommo-

dation coefficient of the wall (a), and the ratio of specific heats of the gas under constant 

pressure and volume, γ [22–25]. 

𝑘𝑔 =
𝑘𝑔

0(𝑇)

1 + 2
2 − 𝑎

𝑎 (
2𝛾

𝛾 + 1)
1

𝑃𝑟
𝐾𝑛

, (1) 

or 

𝑘𝑔 =
𝑘𝑔

0(𝑇)

1 + 2𝜁𝐾𝑛
, (2) 

ζ~2 in air [16,22]. The Knudsen number (Kn) is defined as the ratio of the mean free path 

between successive collisions of gas molecules and a characteristic or average distance 

between walls, as follows: 
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𝐾𝑛 =
𝜆

𝐷𝑎𝑖𝑟
. (3) 

The diameter, Dair, of an equivalent spherical pore with the same volume is assumed as a 

characteristic wall-to-wall distance. Gas theory can be used to express the mean free path 

between collisions as follows [26]: 

𝜆 =
1

√2𝜋𝐷𝑔
2𝑛𝑔

=
𝑘𝐵𝑇

√2𝜋𝐷𝑔
2𝑃

, (4) 

with kB as the Boltzmann constant, 𝐷𝑔 as the collisional cross-section diameter of the gas 

molecule, and T, P, and 𝑛𝑔 as the local temperature, pressure, and number density, re-

spectively. Kn < 0.01 indicates the continuum regime, usually addressed with Navier–

Stokes descriptions with typical no-slip solid boundary conditions, while Kn in the (0.01, 

0.1) range characterizes the slip flow regime, i.e., Navier–Stokes with slip description on 

solid walls [27]. Kn in the (0.1, 10) range indicates the transition regime, and Kn > 10 de-

notes the free molecular flow or diffusion counterpart. These limits indicate the order of 

magnitude, rather than precise values, of the Kn range of each regime, which vary with 

the application. Calculations with the proposed reconstructions have shown Kn to be in 

the 0.1–0.5 range, the upper values of the slip flow regime, and the onset of the transition 

range. Thus, continuum approaches have been used modified to accommodate slip and 

rarefaction phenomena [24,25,28]. 

2.1.2. Microscale Data, Design, and Simulation Parameters 

The specific star-type design allows the number of spheres (monomers) in a unit cell 

to be a linear function of the number of successive particles in a chain between junc-

tions/nodes, 𝑛𝑐ℎ𝑎𝑖𝑛, 

𝑁𝑠𝑝ℎ = 𝛼𝑐𝑜𝑜𝑟𝑑𝑛𝑐ℎ𝑎𝑖𝑛 − 𝛽𝑝𝑒𝑟𝑖𝑜𝑑 , (5) 

with 𝑛𝑐ℎ𝑎𝑖𝑛 typically larger than 2 for such a fragment to be considered a chain. 𝛼𝑐𝑜𝑜𝑟𝑑 

has the value 8, the number of connections along the diagonal cubic directions, i.e., the 

coordination number of the central (cross-link) monomer, and 𝛽𝑝𝑒𝑟𝑖𝑜𝑑 = 2 × 3 = 6 accounts 

for the periodic conditions at the three principal directions (axes). The volume of each 

monomer of radius R0 is assumed to have a spherical form, 

𝑉𝑠𝑝ℎ = 4
3⁄ 𝜋𝑅0

3. (6) 

The size distribution of the monomers is assumed to be uniform, and thus, all spher-

ical monomers have the same radius, R0. Overlapping between successive monomers is 

taking place, provided the distance between successive sphere centers, 𝑑𝑟𝑖,𝑖+1 =
|𝑟𝑖 − 𝑟𝑖+1|, is prescribed to be less than 2R0. For simplicity, and without any loss of gener-

ality, 𝑑𝑟𝑖,𝑖+1 is also assumed to be uniformly distributed. The total number of overlapping 

sections between successive monomers in a cell is trivially calculated as follows: 

𝑁𝑜𝑣𝑒𝑟 = 𝛼𝑐𝑜𝑜𝑟𝑑𝑛𝑐ℎ𝑎𝑖𝑛 + 2𝛽𝑝𝑒𝑟𝑖𝑜𝑑 , (7) 

and the volume of each overlap is 

𝑉𝑜𝑣𝑒𝑟 = 4
3⁄ 𝜋𝑑𝑟2(3 − 𝑑𝑟)𝑅0

3. (8) 

The star-shape form of the configuration of the particulates and a low value of the 

overlapping distance, dr, ensures that the coordination number of each particulate mono-

mer is also the number of overlapping sections of each spherical body; that is, there are no 

three-body overlaps. The volume of air in a unit cell is 

𝑉𝑎𝑖𝑟 = 1
3⁄ [𝐿0

3 − (𝑛𝑠𝑝ℎ𝑉𝑠𝑝ℎ − 𝑛𝑜𝑣𝑒𝑟𝑉𝑜𝑣𝑒𝑟)]. (9) 
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The individual spherical-type pockets of air in the proposed unit cell are equal to the 

number of principal axes of the system, i.e., 3, and that is the value of the denominator in 

Equation (9). The hydraulic diameter of the air volume in a unit cell, i.e., the diameter of 

a spherical pore with equal volume, is 

𝐷𝑎𝑖𝑟 = 2√3𝑉𝑎𝑖𝑟 4𝜋⁄3 . (10) 

The volume fraction of air in a unit cell, 𝑣𝑓𝑎𝑖𝑟, is 

𝑣𝑓𝑎𝑖𝑟 = 3𝑉𝑎𝑖𝑟 𝐿0
3⁄ . (11) 

The collisional cross section of air molecules at STP is Dg = 3.789 × 10−10
 
[m], and the 

porosity is ~85–90%. The effective conductivity is calculated from the temperature field of 

the solution through 

𝑘𝑒𝑓𝑓 = (𝑄𝑥 𝐴𝑥⁄ ) (∆𝑇𝑥 𝐿𝑥⁄ )⁄ , (12) 

𝑄𝑥 = ∫ 𝑞𝑥𝑑𝐴
𝐴𝑥

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
. (13) 

ΔTx, Ax, and Lx represent the prescribed temperature difference between the inlet and 

outlet faces, the cross section, and the unit cell length across the heat flow direction (x), 

respectively. qx is the total local heat flux calculated at any cross-sectional face dA. Qx is 

averaged over the inlet and outlet faces. 

The temperature boundary conditions ΔTx applied on the microstructures reflect the 

periodic nature of the microscopic reconstructions. They are not designed to reflect the 

environment of actual thermal processes. They are used to extract the effective conductiv-

ity values, as given in the typical definition, Equation (12), in a typical environment. 

2.2. Mesoscale Prediction of Thermal Properties of Cement Mortars with Aerogel Inclusions 

Τhe mesoscale simulations of the thermal behavior of various cement mortar compo-

sitions have been performed as follows. The conductivity of the aerogel was extracted 

from the microscale simulations. The conductivity of the cement paste that potentially 

included other additives, such as perlites, was obtained from the pertinent literature 

sources, along with the estimation of the effective thermal conductivity of the final prod-

uct using scanning electron microscopy (SEM) data [13]. These data have been used as 

input to thermal characterization studies (conductivity estimations) of a cement mortar 

with the specific aerogel inclusions. Computations included the numerical solution of the 

conduction–convection equation directly through CFD [16], and the utilization of analyt-

ical expressions through Effective Medium Theory (EMT) approximations [15,29]. The an-

alytical phase homogenization approaches for the effective conductivity, 𝑘𝑒𝑓𝑓, of the same 

composite medium using Effective Medium Theory included Mori–Tanaka type models 

[30], as follows: 

𝑘𝑒𝑓𝑓 = 𝑘𝑝𝑎𝑠𝑡𝑒 +
3𝜙𝑎𝑔𝑔𝑘𝑝𝑎𝑠𝑡𝑒(𝑘𝑎𝑔𝑔 − 𝑘𝑝𝑎𝑠𝑡𝑒)

3𝑘𝑝𝑎𝑠𝑡𝑒 + 𝜙𝑝𝑎𝑠𝑡𝑒(𝑘𝑎𝑔𝑔 − 𝑘𝑝𝑎𝑠𝑡𝑒)
, (14) 

where 𝜙𝑖 and 𝑘𝑖 are the volume fractions and thermal conductivities of phase i, respec-

tively, with i as the aggregate (agg) or the paste (paste) phase, accordingly. 

In view of the increased complexity of the mesoscale representations of multiphasic 

materials, and for reasons of minimal computational cost and increased accuracy of the 

resulting CFD simulations, the mesoscale investigations were divided into two repre-

sentative configurations. One configuration pertained to the study of the thermal behavior 

of the multilayered material along its macroscopic heat gradient (paste thickness or 

depth), with the inclusions equidistantly distributed within. This was studied on a 2D 
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principal plane that included the direction along the thickness (depth), z, and one direc-

tion transversal to the heat gradient (for instance, x), with the assumption that its other 

transversal direction (y) was infinite, that is, translationally periodic, Figure 2. The second 

route was the 3D reconstruction of a representative layer of the material with randomly 

distributed spherical aerogel inclusions within and its study using 3D heat flow calcula-

tions, assuming translational periodicity on the outer boundaries, Figure 3. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2. Three-dimensional CFD simulation domain configurations, (a) resistances in series, (b) 

resistances in parallel, (c) and dispersed (encapsulated) phase in continuous (encapsulating) phase. 
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(a) 

 
(b) 

Figure 3. Three-dimensional representation of new aerogel product mortar (pellets) in paste (ma-

trix). Monolayer material, aerogel volume fraction: (a) 30.3%, (b) 41.1%. 

The boundary conditions applied on the mesoscopic simulations also were not in-

tended to reflect actual simulation environments. They were used to extract the overall 

effective conductivity value, and allow comparing it with the experimental values in an 

effective formulation, i.e., measured in typical conditions following a typical measuring 

protocol. They were supposed to reflect the BCs of the microscopic simulations, since this 

is a prescription of the hierarchical approach used, i.e., using typical and similar BCs 

across scales. 

2.2.1. Two-Dimensional Mesoscale Calculations of Effective Properties Along the Depth 

Τhe heat flux, Qx, of the multilayered material was calculated from the finite element 

CFD simulations on reconstructed specimens, with the two material phases fully defined 

spatially [15,31], as in Figure 2a–c. This was entered into Equation (12), where the keff of 

the composite was calculated as if it was a homogeneous phase having the same thermal 

behavior. 

The geometry of the final composition of the cement mortar was simulated on the 

computer either as a composition of phases in series, Figure 2a, a composition of phases 

in parallel, Figure 2b, or as one of the phases enclosed in the other one, which acts as a 

binder, Figure 2c. 

The design and operating parameters for the 2D simulations are given in Table 1. The 

variation in the values of parameters specific to the design of parallel and series resistance 
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connections and of the dispersed (encapsulated) aerogel phase in continuous (encapsulat-

ing) paste phase formulations is also noted therein. 

Table 1. Parameters for 2D CFD simulations. 

Parameter Value/Formula Description 

L 20 mm total length of representative specimen 

n 8 number of monomers per direction 

a L/n unit cell length 

ϕ 0–100% volume fraction of the aerogel phase 

kaero 0.019 W/m K thermal conductivity of aerogel 

kplaster 0.45 W/m K thermal conductivity of paste 

Tupstream 300 K 
temperature at upstream face (along the im-

posed temperature gradient) 

Tdownsteam Tupstream-1 K 
temperature at downstream face (along the im-

posed temperature gradient) 

Thickness of the aerogel phase according to the design configuration: 

b 𝑎 𝜙 resistances in series or parallel 

b 𝑎√𝜙 dispersed phase in continuous phase 

The first case, connecting phases in series, acting as resistors in series, was excluded 

since it provided effective conductivities at the limit of the lowest conductivity, that of the 

aerogel, which were deemed unnaturally low, since the conductivities of such products 

are higher than the smallest value of its components. An alternative plan was also consid-

ered, phases in parallel, in the form of resistors in parallel. This configuration was also 

found to provide very high values, close to the highest value of its components (paste), 

since the conductivities of such products are smaller than this value. 

Series and parallel interconnection scenarios were found to give the lower and upper 

bounds on the effective conductivity of the final product. The plan with an enclosed phase 

and interconnected thermal transport paths from the enclosed phase was found to provide 

effective conductivity results close to the measured values. 

2.2.2. Three-Dimensional Mesoscale Calculations of Effective Properties in a  

Representative Layer 

Three-dimensional digital samples of a layer of cement mortar were fabricated with 

the aerogel particles assumed to be spherical inclusions containing SiO2 frameworks with 

air pockets, randomly immersed in a paste matrix [14], as shown in Figure 3. Sphere over-

lapping was allowed during deposition of the aerogel inclusions, and the volume fraction 

of the aerogel was estimated taking into account two- and three-particle overlaps. The 

main solid volume was the cement mortar, which has been designed as a cylindrical slab 

of periodic conditions. Cylindrical geometry was chosen in order to avoid the corner ef-

fects of symmetry boundary conditions on primary axes. The thermal conductivities were 

set at (kaero, kpaste) = (0.005, 0.470) [W/m K], in accordance with the lower values of the com-

mercial aerogel properties obtained through the microscale simulations, as discussed in 

the previous sections. 

The volume of the cylindrical domain used in the present simulations was fixed, Vcyl 

= 0.0034975 μm3. The total volume and number of spherical inclusions depend on the po-

rosity of each realization. The temperature difference between the external faces along the 

vertical y axis was set at a fixed value (ΔT = 1 °C), whereas the material properties along 

the horizontal x and z axes were implemented as periodic through pertinent Newmann-

type zero-flux boundary conditions. 
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3. Results 

3.1. Microscale Reconstruction and Analysis of Aerogel 

The domain was meshed with unstructured elements in the present simulations, as 

follows: The minimum and maximum mesh elements were set at R0/20 and R0, respec-

tively. In order to accommodate the elevated temperature gradients at the solid–air inter-

faces, the number of boundary layers at faces normal to the heat flow direction was set at 

three. This resolution displayed mesh-independent result behavior. Mesh independence 

is shown at later simulation stages of the final structures proposed by this work. 

Figures 4–7 depict the reconstructions and corresponding performances of silica aer-

ogels using the aforementioned method with gradually increased complexity. Monomers 

were assumed to have the kSiO2 thermal conductivity value, whereas the air was attributed 

with the respective 𝑘𝑔 value, Equation (2), after extraction of the pertinent Kn through 

Equation (3), with its terms λ and Dair calculated by Equations (4) and (10), respectively. 

Figure 4a portrays an aerogel structure with four monomers existing between junc-

tions (on a chain), referred to as StructureType#1, shown as spherical particles overlap-

ping with dr = |ri − ri+1| = R0/10, thus ol = 0.1. The coordination number of junction (cross-

link) elements, acoord, was six. The reconstructed cell was symmetric and periodic. The tem-

perature distribution found with the rarefied CFD simulations was typical for such pro-

cesses. 

  
(a) (b) 

Figure 4. (a) StructureType#1: nchain = 4, acoord = 6, ol = 0.1. (b) StructureType#2: nchain = 8, acoord = 6, ol = 

0.1. 

Figure 5 presents the thermal performance predictions of the StructureType#1 recon-

struction simulations with gradually increasing overlapping levels (ol). keff intensifies as 

the ol increases, since there are gradually more connected faces of the solid medium for 

the heat flow path to pass through, bypassing the thermal resistance of the air. However, 

the volume fraction of air is extremely high, compared to the Cabot aerogel regime of 85–

90%, at most overlapping cases, except for the most extreme one (ol = 0.75). Moreover, it 

is evident that this structure configuration cannot achieve the value of the Cabot aerogel 

keff = 0.019 W/m K, even in the most extreme overlapping case, that of ol = 0.75. The latter 

ol case is considered extreme, since there are now three-body overlapping sections present 

at the junction monomers, which is not usually addressed physically because of the frame-

work-type configuration of the SiO2 aerogel form. It is also unrealistic considering the 

SEM images of these types of aerogels that clearly do not display this level of overlapping 

between granules [2,13]. 

In order to overcome these limitations, structures of alternative configurations were 

reconstructed, with properties tailored to the thermal conditions at hand. Figure 4b pre-

sents an aerogel structure, StructureType#2, with more chain monomers between junc-

tions than StructureType#1. Eight (8) chain particles between intersections were imple-

mented for StructureType#2, and the coordination number of junction elements was six 

(6). As shown in Figure 4, the overlapping spheres were set at dr = R0/10 (ol = 0.1). The unit 
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cell of StructureType#2 was symmetric and periodic. Table 2 presents the insulation per-

formance of the characteristic StructureType#2 structures, which were still lower than the 

aerogels. It is evident that these structures suffered from the unphysical existence of a 

dominant heat flow path with connected spheres along the main heat flow direction, 

which still make the effects of the rarefied air phenomena relatively insignificant. 
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0.125
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sp

h

 

Figure 5. Simulation results for StructureType#1 for gradually increasing overlapping ol (dr/R0). 

Table 2. Simulation results for StructureType#2 (Figure 4). 

ol  

[-] 
keff [W/m K] 

vfsph  

[-] 

0.0 0.011 0.018 

0.1 0.013 0.020 

Figure 6a presents an aerogel structure with non-overlapping elements (dr = 0) and 

two (2) chain monomers. The coordination number of junctions is four (4), and the unit 

cell is symmetric and periodic. This is a densely packed structure, with increased difficulty 

due to the single-point contacts between successive spheres; however, it is within the sim-

ulation limits of the method. 

  
(a) (b) 

Figure 6. (a) StructureType#3: nchain = 2, acoord = 4, ol = 0, symmetric and periodic unit cell. (b) Struc-

tureType#4: nchain = 8, acoord = 8, ol = 0.1, randomized placement, asymmetric, and non-periodic unit 

cell. 
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In pursuit of a more physical distribution of silica monomers, structures without the 

existence of an unphysical dominant longitudinal path of silica monomers were built. 

Such a structure is shown in Figure 6b, having overlapping elements with dr = R0/10 and 

eight (8) monomers between junctions. The coordination number of junctions was eight 

(8), with randomized placement of the monomers relative to each other, with an asym-

metric and non-periodic unit cell. This was a randomly packed structure, with increased 

difficulty due to the multiple-point contacts and the volume exclusions at the junctional 

sphere; however, it was within the simulation limits of the method. The present structure 

had a Dair = 7.45 R0. 

  
(a) (b) 

Figure 7. StructureType#5: nchain = 9, ol = 1/200, symmetric and periodic unit cell. acoord = 8 (a), 14 (b). 

The structure shown in Figure 7 has nine chain monomers and a symmetric and pe-

riodic unit cell, shown here with overlapping elements of dr = R0/200. The coordination 

number at the junction is eight (8) in the left figure and fourteen (14) in the right one. A 

monomer is shared between unit cells. These structures pose increased difficulty due to 

the limiting overlapping, which necessitates refined resolution, as well as at the multiple-

point contacts and the volume exclusions at the junctional sphere. However, these con-

strictions are within the simulation limits of the method. These reconstructions have the 

largest unobstructed free-volumes amongst the ones studied in this work (Figures 4–7), 

with a Dair = 9.7R0, and were used for the final calculation and investigation. 

Three-Dimensional Microscale Effective Properties of Aerogel 

In the following results, simulations were performed of StructureType#5 reconstruc-

tions with the following setup. dr, the overlapping level of successive particles, was set as 

a fraction (ol) of R0, R0 at 10 nm, and the coordination number at the junctions was eight 

(8). 

Convergence and mesh independence were checked using simulations with succes-

sively denser unstructured mesh, as follows: Minimum and maximum mesh element 

(nm): Resolution Level #1: 0.461/6.33, Resolution Level #2: 0.173/4.03, Resolution Level #3: 

0.023/2.3. The boundary layers at faces normal to the heat flow direction were set at three 

(3). The implemented boundary-layer stretching factor was 1.25. 

The simulations converged and were mesh independent for all practical purposes 

using either finer, extra fine, or extremely fine resolutions, as shown in Table 3. The nchain 

= 5 and ol = 0.005 part of StructureType#5 was shown to be the most promising structure 

attaining the heat transfer coefficient of the Cabot aerogel reported at the upper porosity 

regime, 0.89 [21], while the nchain = 4 and ol = 0.005 (or 0.010) could achieve this at a lower 

porosity level, 0.83. 
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Table 3. Simulation results for StructureType#5. 

 keff/km keff [W/m K] vfsph 

nchain = 4    

ol = 0, Resolution Level #3 0.620 0.0159 0.170 

ol = 0, Resolution Level #2 0.628 0.0159 0.170 

ol = 0, Resolution Level #1 0.625 0.0160 0.170 

ol = 0.005, Resolution Level #1 0.934 0.0239 0.171 

ol = 0.010, Resolution Level #1 1.094 0.0280 0.173 

nchain = 5    

ol = 0, Resolution Level #1 0.551 0.0141 0.109 

ol = 0.005, Resolution Level #1 0.735 0.0188 0.110 

Resolution Level #1: min/max elem. size = 0.461/6.33 nm. Resolution Level #2: min/max elem. size = 

0.173/4.03 nm. Resolution Level #3: min/max elem. size = 0.023/2.3 nm. 

3.2. Mesoscale Results of Multphasic Cement Mortal with Aerogel Inclusions 

3.2.1. Two-Dimensional Mesoscale Effective Properties Across the Depth 

Cement mortars with silica aerogel inclusions that were fabricated and characterized 

by colleagues through collaboration (private communications) were reconstructed and 

subsequently simulated with the mesoscale methodologies proposed in the present work. 

The simulation results, along with sample characterization results, as well as an equiva-

lent medium approach, are presented in Figure 8. For the physicochemical data values, 

such as apparent densities and component ratios, sample-specific characterization data 

obtained from collaborating partners were used. 
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Figure 8. Mesoscale CFD results and analytical expressions (EMT) in comparison with characteriza-

tion results (private communication with partners). 

The comparison with the characterization results can be considered satisfactory, 

while the theoretical estimates also provide accurate results, although less close to the 

experimental ones, especially at an elevated aerogel content. Improved approximations 

could be made using more specific and optimal paste and aerogel physicochemical data; 
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however, this was not pursued in the present work, since these were not available for the 

present material. 

3.2.2. Three-Dimensional Mesoscale Effective Properties of a Representative Layer 

The isotherms of temperature distribution in a thin section of the new mortar are 

shown in Figure 9. Table 4 provides the effective conductivity estimations through the 3D 

simulations. The convergence and mesh-independence analysis is also shown therein. 

 
(a) 

 
(b) 

Figure 9. Isotherms of temperature distribution in the new mortar. Monolayer material, aerogel vol-

ume fraction: (a) 7.3%, (b) 30.3%. 

Table 4. Equivalent conductivity with aerogel content (volume fraction). 

#Aerogel 

Spheres 

Resolution 

Level 
Vcyl Vaerogel vfaerogel xaerogel keff 

[-]  [μm³] [μm³] [% vol] [% mass] [W/m K] 

10 #3 0.10053 0.0000078744 0.0078% 0.00083% 0.46996 

100 #3 0.0034962 0.0002555 7.30% 0.826% 0.43609 

500 #3 0.0034962 0.0010598 30.3% 4.398% 0.32842 

800 #3 0.0034962 0.0014371 41.1% 6.877% 0.27813 

800 #2 -“- -“- -“- -“- 0.26368 

800 #1 -“- -“- -“- -“- 0.25159 

Resolution Level #3: min/max elem. size = 0.003/0.325 nm. Resolution Level #2: min/max elem. size 

= 0.024/0.569 nm. Resolution Level #1: min/max elem. size = 0.065/0.894 nm. 
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The effect of the aerogel content on the thermal properties of the multiphasic material 

is displayed in Table 4 in a quantifiable manner. Higher volume fractions, which would 

result in more severe overlapping, were not pursued in the present work because of the 

complexity of the final geometry with many-body (higher than two) overlaps, which pro-

hibited the systematic production of an accurate mesh for the resulting conglomerated 

entities. The trend towards the aerogel volume fraction required to increase the effective 

thermal insulation properties of the mortar sufficiently is portrayed. The effective conduc-

tivity of the multiphasic material in the highest content was lowered by nearly half the 

value of the clean cement paste, i.e., that of zero aerogel content. Thus, the proposed 

method can provide guidelines for the tailoring of the manufacturing route of such novel 

high-insulation light materials with optimum thermal properties. 

The comparison of the two mesoscale methods, the 2D simulations along the thick-

ness and the 3D reconstructions of a layer, portray a notable difference in the results, as 

seen at vfaerogel = 41.1% vol, or xaerogel = 6.877% mass, shown as the first data point of the 

CFD curve in Figure 8 and the rows with #Aerogel Spheres = 800 of Table 4. Given the 

validation of the 2D results with the experimental data, the 3D simulations are seemingly 

overestimating the thermal properties of the mixture, probably due to the increased paths 

of higher conductivity of the matrix around the spherical aerogel particles. The spherical 

form of the aerogels might not be the most relevant one in the final mixture, and orthog-

onal representations, in the form of the 2D realizations of the first mesoscale route, might 

be more relevant. However, this overestimation is deemed not significant for the estima-

tion of the trend of the thermal properties for the cement mortar. 

4. Conclusions 

A simulator for the rarefied conditions of nanoparticulate silica aerogels was devel-

oped, and their insulation properties were investigated. Sophisticated structures that 

evade the existence of an unphysical dominant longitudinal path of silica monomers were 

reconstructed and investigated. The porosity was controlled by the number of particles in 

a chain between junctions/nodes, combined with the overlapping level between consecu-

tive particles. The reduced k of the Cabot aerogel for a given porosity can be achieved, 

depending on the configuration and overlapping level. 

The aforementioned microscopic data were used as one-way coupled input to 

mesoscopic simulation methodologies developed to assess the thermal properties of ther-

mally insulating cement mortar, which is produced by adding aerogel inclusions to stand-

ard cement mortar and used as a plaster for covering buildings. 

The degree of the aerogel content relative to the effective properties of the multi-

phasic material was investigated quantifiably along the multilayered mortar thickness (2D 

Cartesian reconstructions) and on a representative multiphasic layer (3D cylindrical re-

constructions). The comparison of the 2D simulation results across the cement paste thick-

ness with the characterization results can be considered satisfactory, while theoretical es-

timates using Effective Medium Theory approaches also provide conceptually useful re-

sults, although less accurate in comparison to the experimental ones, particularly at an 

elevated aerogel content. 

The thermal simulations of these complex materials offer insight into the inherent 

mechanisms of each required mechanical and physicochemical property, and reconsider 

the configuration of these materials to understand how to enhance and optimally combine 

the required properties. The results have shown that the thermal conductivity of the het-

erogeneous material decreases significantly as the porosity of the aerogel increases, de-

picted either as spherical-shaped 3D nanoinclusions in each mortar layer, or as rectangu-

lar-shaped 2D nanophases along the thickness of the paste. The trend on the aerogel vol-

ume fraction required to lower the effective thermal transport properties of the novel ce-

ment mortar to a satisfactory level was depicted, offering the manufacturing of novel light 

mortars with tailored thermal insulation properties. 
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Thus, aerogel can be considered as a good insulator for the future, especially in ap-

plications where lightweight material usage is essential, with a wide range of thermal 

properties depending on the percentage of porosity chosen in each case. In conclusion, it 

is shown that aerogels can cover a wide range of thermal requirements. The simulations 

were able to follow the experimental results of the multiphasic cement mortars investi-

gated in the present work, both with 2D and 3D approaches. 

Technical solutions can apply the proposed simulations to predict the efficiency and 

performance of aerogel–cement plasters for specific thermal insulation applications. How-

ever, they should also take into account the mechanical stability and homogenization 

properties, along with mass production and large-size preparation improvements, of the 

final aerogel–cement plaster products, issues that should also be addressed in a compara-

ble fashion. 
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